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ABSTRACT 

We present spatially resolved 3 /xm spectra of Elias 1 obtained with an adaptive optics system. The 
central part of the disk is almost devoid of PAH emission at 3.3 /zm; it shows up only at 30 AU and 
beyond. The PAH emission extends up to 100 AU, at least to the outer boundary of our observation. 
The diamond emission, in contrast, is more centrally concentrated, with the column density peaked 
around 30 AU from the star. There are only three Herbig Ae/Be stars known to date that show 
diamond emission at 3.53 /im. Two of them have low-mass companions likely responsible for the 
large X-ray flares observed toward the Herbig Ae/Be stars. We speculate on the origin of diamonds 
in circumstellar disks in terms of the graphitic material being transformed into diamond under the 
irradiation of highly energetic particles. 

Subject headings: circumstellar matter — dust, extinction — planetary systems: protoplanetary disks 
— early-type — stars: formation — stars: individual (Elias 1) 
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tailed studies on PAH chemistry coupled with advanced 
disk modeling may provide a powerful tool for using 
PAH emission to better understand the evolution and 
structure of protopla netary disks ijVisser et al.l 120071 : 
iDullemond et al.]|2007T ). However, the emission feature at 
3.53 fim observed in the spectra of several Herbig Ae/Be 
stars has been a n en igma since its discov ery in the 1980s 
(IWhittet et al.1 [1983.: Whittet, McFadzean. fc Geballd 
Il984f). Many ex p lanations have b e en p roposed 
(ISchutte et al .1 Il990l : lAllamandola et al.l Il992l ). until 
iGuillois et al.l (|1999D conclusively identified small dia- 
mond particles as the carrier of the emission (|Sheu et al.l 
l2002t iJones et al. 2004). Despite extensive inv e stiga- 
tion (e.g.. [ro n Kcrckhovcn . Tielens. fc \yaelkensl 120021 : 
IHabart et alTl2004 : .Topalovic et al. ll2006f) . the origin of 
diamonds in protoplanetary disks remains essentially in- 
conclusive, except that they are likely not of interstellar 
origin but are formed close to the star. 
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EHas 1 (V 892 Tau) is a Herbig Ae/Be star located in 
the Taurus- Auriga complex at a distance of 140±20 pc 
Eliaslll978D. with an e stimated age younger than 3 Myr 



Strom fc StromI |1994[ ). The geometry of the disk is 



poorly known. A large infrared excess is still present 
in the far-infrared spectral energy distribu tion, indicat- 
ing f laring in the outer part of the disk (|Meeus et al.l 
l2001h . Near-infrared speckle observations detected a 
possible elongation of 40 to 100 AU from east to west 
(jKataza fc Maiharalll99l[ ). However, whether it repre- 
sents a d isk or a scattered bipolar lobe is still an open 
question (|Haas. Leinert. fc Richichlll997l ) . The source is 
unresolved at sub-mm wavelengths, leaving little useful 
info rmation as to the inclination or the disk posit ion an- 
gle (jHenning et al.lll998l:[di Francesco et al.lll997D . How- 
ever, recent mid-infrared nulling interferometry observa- 
tions gi ve a preliminar y disk diameter of 20-30 AU at 
10 ^lm. ()Liu et al.ll20"07l) . 

2. OBSERVATIONS 

Long-slit spectroscopy was performed at the Subaru 
Telescope on Se ptember 12, 2003 , using the facility spec- 
trogr aph IRCS (|Tokunaga et al.lll99a iKobavashi et all 
|2000[ ) together with a curvature-sensing adaptive optics 
system optimized for nearly diffra ction-limited imagin g 
at wavelengths longer than 2 //m (jTakami et al.ll2004[) . 
The medium-resolution grism was used with a reflective 
slit of 0'.'3 X 20" to provide spectra with a resolving power 
of i? = 1,000. The slit was oriented in two directions, one 
east-to-west parallel to t he major axis of th e elong ation 
of the disk suggested bv iKataza fc Maiharal (|1991f ). and 
one perpendicular to this direction. The spectra were 
recorded by moving the tip-tilt mirror inside the adap- 
tive optics system by 3" along the slit for sky subtrac- 
tion. The amplitude of dithering virtually defined the 
outer boundary of our observation. Extra caution was 
taken to center the object in the slit in order to prevent 
recording the point spread function (PSF) in its wings. 
The short integration time of 2 s was repeated 10 times 
for one exposure to avoid detector saturation. The spec- 
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tra of the standard star HR 1490 {V = 5.8 mag; A2V) 
were obtained immediately after Elias 1, also with the 
adaptive optics system. The standard star was dimmed 
by the neutral density filters in front of the wavefront 
sensor so that the residual wavefront error was as similar 
as possible to that of Elias 1 {V =15.3 mag). 

3. DATA REDUCTION AND RESULTS 
3.1. Spectral extraction 

Two-dimensional images of the spectra were reduced 
separately frame by frame in order not to smear out the 
spatial resolution. After preliminary processing, includ- 
ing pair subtraction and flat fielding, the centroid of the 
PSF was traced along the wavelength to set the aperture 
center of the spectral extraction. In total, 17 strips of 
spectra were extracted from one frame from the aper- 
tures set at every 10 AU (0'.'07) from the center up to 
70 AU (O'.'S) on both sides of the star, and from one ad- 
ditional aperture at 100 AU (80-120 AU) at the outer 
edge. The aperture width (G'.'G7) was set for a proper 
samphng of the PSF (FWHMwO'.'l). However, it was 
about the same size as the pixel scale (0'.'06). The limited 
sampling of the PSF, together with a slight curvature of 
the spectra along the array column, sometimes causes an 
artificial wobbling of the spectral continuum. In order 
to minimize this effect, we extracted the same number of 
spectra from the standard star HR 1490 across its PSF 
and divided the spectrum of Elias 1 by the spectrum 
of HR 1490, extracted from the same aperture with the 
same offset from the center. The wavelength calibration 
was performed by matching the telluric absorption lines 
to the mod el transmission curve computed by ATRAN 
(|Lordl[T99^ . A set of spectra extracted from different 
frames, but at the same aperture were finally combined, 
and the dispersion of the spectra was taken as the error 
of the observation (Figure [T] and [2]) . 

From the data, it is obvious that the PAH emission 
is relatively weak in the center (note that the pointed 
feature at the center at 3.3 ^m is from Pf 5). The trend 
is identical for the east-to-west and the north-to-south 
directions. The spatial variation at a physical scale of 
about 10 AU already indicates that the PAH emission 
indeed arises from the circumstellar disk and not from a 
large envelope. 

The spatial extension of the diamond emission is less 
obvious. We double checked the spatial profile of the 
diamond emission with respect to the continuum emis- 
sion (Figure [S]). The FWHM of the monochromatic PSF 
at the diamond feature is apparently larger than the one 
at the neighboring continuum emission. If we deconvolve 
the diamond emission with the continuum PSF, we could 
set the minimum size of the diamond emitting zone to 
8-15 AU. 

3.2. Surface density 

The absolute line fiux was calibrated with respect to 
the standard star HR 1490, as Elias 1 itself is appar- 
ently extended, and the loss at the slit transmission is 
uncertain. For the calculation of the surface density of 
the PAH molecules, we assumed that all the energy ab- 
sorbed in the UV to visible wavelengths is re-emitted in 
the infrared. Because we are more interested in the rela- 
tive spatial variation, only a single size of PAHs was used 
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Fig. 1. — A spectral sequence across Elias 1 from east to west. 
The spectra were extracted every 10 AU from the star up to 70 AU, 
and at 100 AU (80—120 AU) at the outer boundary of the observa- 
tion. The actual instrumental resolution is likely 20-30 AU. The 
red curves duplicate the spectra from the center to emphasize the 
variation. The error bars of the data points are given in gray. 
All spectra were normalized by the polynomial function, fitted to 
the continuum emission. The relative intensity of PAH emission 
(3.3 fj,m) to diamond emission (3.53 ^m) becomes larger with dis- 
tance, in particular in the outer region beyond 30 AU from the star. 
The pointed emission at 3.3 fira in the central spectrum, much nar- 
rower than the PAtI feature, is Pf 5. The emission at 3.42 ^m is 
also from diamond, but from its defect. 

in the calculation for simplicity. The absorption cross- 
section of a neutral PAH (a=5.02xl0"^ ^m; Nc « 58) 
was taken from Li fc Draind (|200l[ ). 

The spectral type of Elias 1 is uncertain, depend- 
ing on how much foregroun d extinction is assum ed, 
and varies from A6 (eTg iCohen fc KilhH [l979l ) to 
B9 (IStrom fc Strom! 11994^ . Here we take A6e from 
iThe et al. (1994^ and use the photospheric model of A6V 
( Kurucz;, 1979.) with the luminosity scaled to = 56 Lq 
( Berrilli et al.|[T99^ . No extinction of stellar radiation 
was applied along the line of sight. PAH molecules of 
this size ar e small enough to be heated stochastically. 
We refer to lDraine fcTH (|200in for the conversion of in- 
ternal energy to the emitting temperature of the PAH 
molecules. 
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Fig. 2. — Same as Figure [T] but a spectral sequence along the 
north to the south. The same trend of the variation of PAH emis- 
sion relative to the diamond is seen here. 



The same calculation was repeated for diamonds, al- 
though the size of the diamond particles is still debated. 
The hydrogenation and the surface lattice structure re- 
quire the temperature of diamond to be between 800 and 
1000 K. van Kerckhovcn, Tielcns, & Waclkens (2002) ar- 
gued that the particle has to be as small as 1-10 nm to 
consort with the range, as diamonds are poor emitter in 
the infrared, and larger particles become too hot and de- 
compose themselves. However, the sheer appearance of 
the 3.53 ^m feature requires well-ordered cr ystal lattice 
of th e physical scale o f at least 25-50 n m (jSheu et al.l 
[200l . or even larger () Jones et al.ll2004f ). Here we as- 
sume a size of 100 nm, with the diamond particles being 
in equilibrium with the radiation. The absorption cross- 
secti on in the UV to t he vi sible wavelengths is taken 
from iMutschke et al. I (|2004f ) and combined with that 
of hydrogenated d iamond, which is responsible for the 
3.53 yCtm emission ([Cheng et al.lll997l ). The spatial vari- 
ation of the surface density of the PAH molecules and 
diamond particles is shown in Figured) 

PAH molecules are much less abundant close to the 
star, within about 30 AU from the center. The abun- 
dance becomes higher with radial distance up to the 



outer boundary of the observation. However, the dia- 
mond particles show a distinct spatial distribution from 
the PAHs and are more centrally concentrated but with 
peaks near 30 AU, where the PAH emission starts to 
emerge. 

4. DISCUSSION 

4.1. How Special Is a Diamond Emission Star? 

There are only 3 Herbig Ae/Be stars known that 
have clear diamond signatures at 3.53 Atm: HP 9704 8 
(|Whittet et al.l [1981 . MWC 297 (iTerada et al.l [200lb . 



and EHas 1 ([Whittet. McFad zean. fc Geballe'l l984[ ). An 
extensive survey conducted by Ackc ct al. (200^, cover- 
ing more than 60 Herbig Ae/Bc stars with 3 /im spec- 
troscopy, did not add a new source to the ones already 
known. However, the survey did find a few additional 
sources that might show the diamond features, such 
as T CrA, V 921 Sco, and HD 163296. There have 
been several reports of the detecti on of emission near 
3.5 ^m, for instance HP 142527 by, Waelkens et al.[ ([1996D 
and HP 100546 bv lMalfait eTail ([19981). However, these 
newly found, or suggested, sources show relatively weak 
emission at 3.5 /xm, if any at all, but nothing compara- 
ble to those seen in the three Herbi g Ae/Be stars listed 
above. The original paper of , Whittet et al.[ ([1983) that 
first reported the 3.53 /xm emission from Elias 1 and 
HP 97048 included TY CrA as another possible star that 
might show the same signature. However, the emission 
was not reproduced in later observations at the same 
wavelength ( Acke et al . 2006). In contrast, the presence 
of diamond emission in Elias 1 and the other two Her- 
big Ae/Be stars has been demonstrated by multiple ob- 
servations. We therefore take only these three sources as 
genuine detections. We discuss below if and how they 
are special and why they are so rare. 

There are only two Herbig Ae/Be stars known thus 
far that h ave shown large X-ray flares: Elias 1 an d 
MWC 297 (iGiardino et al.ll2004l : [Ha^aguchi et al.l[20Ml . 
Aside from the coincidence, this is intriguing, because 
Herbig Ae/Be stars are not supposed to be X-ray sources 
themselves. OB stars and young low-mass stars are soft 
and hard X-ray sources, respectively, due to the strong 
stellar winds and the ir magnetic activity (for a review 
iFeigelson et al. Il2007( ). In contrast, Herbig Ae/Be stars 
are too hot to maintain convective zones at the surface 
but are not luminous enough to set off strong stellar 
winds. 

However, the X-ray flares from Elias 1 and MWC 297 
have been reasonably accounted for by their low-mass 
companions. In addition to a T Tauri star at 4" away 
(V 892 Tau NE; fCiardino et al.ll200l . EHas 1 was fur- 
ther resolved into two sources b y bispectrum speckle in- 
terferometry ([Smith et al.|[2005l ). The newly found com- 
panion, only 50 mas or 7 AU away from Elias 1, is ex- 
pected to have a mass in the range of 1.5 to 2 Mq, very 
close, but within the upper limit of stellar mass that 
can still have a convective outer layer. Likewise, more 
than a handful X-ray sources cluste r around MWC 297 
([Pamiani. Micela. fc Sciortinol [2006( ) . One of the faint 
sources detected at H with an adaptive optics system at 
3'.'4 away from M WC 297 is compar able to a T Tauri star 
in its brightness ([Vink et al.l [2005( ) . The plasma tem- 
perature going up to ~ 8 keV during the flare seen in 
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Fig. 3. — The spatial profile of the diamond emission. Top left 
and middle left: The diamond emission (3.53 fim) is slightly ex- 
tended compared to the continuum emission (3.57 fim) right next 
to the emission features. Bottom left: The FWHM of the emission 
profiles measured along the wavelength. There is unambiguous 
ehancement of the FWHM at the PAH and the diamond features. 
Right: Same as the left panels, but for the standard star HR 1490. 
There is no trace of extended emission. If we take the FWHM of 
the nearby continuum (126 mas) to deconvolve the diamond profile 
(139 mas), the physical extension is 8 AU. If we instead take the 
FWHM of the standard star at the same wavelength (86 mas), it 
amounts to 15 AU. Note that the numbers represent the minimum 
extension of the diamond emission in both cases, where the emis- 
sion feature contributes a substantial fraction of the flux at the 
wavelength comparable to the continuum emission. 



Elias 1 (|Giardino et al.l[2004f ) indicates that it is caused 
by a similar mechanism for a solar flare. The unusual X- 
ray flares toward the Herbig Ae/Be stars are most likely 
attributable to the low-mass companions found recently 
(jStelzer et all 120061 ). 

HD 97048, the last Herbig Ae/Be star with dia- 
mond emission, is also known to be an X-ray source 
(jZinneckcr & Preibisch 1994j). No temporal variability 
of X-ray emission is reported. The se arch for very clos e 
companions is so far negative (e.g., iGhez et al] I1997D . 
However, HD 97048 is among the hardest X-ray sources 
in Ch a I cluster studied by XMM Newton (jStelz er et al.l 
|2004( ) . Along with the presence of nearby low-mass X-ray 
sources, it may imply that the circumstances are similar 
to those of Elias 1 and MWC 297. 

Yet another examp le of a diamond sign ature is a post- 
AGB star, HR 4049 llGeb alle et aI|[T98g) . Although the 
evolutionary stage is totally different, it is tempting to 
note that the star's spectral type is similar to that of 
the Her big Ae/Be stars (B9 .5 Ib-H); it also has a disk 
around (|Dominik et al.ll2C)03l) and even a pos sible white 
dwarf companion as well (^ Lugaro eFaDHool). 

A disk, a hot central star, and a companion emitting 
hard X-rays seem to be the conditions that "diamond 
stars" must have. The particular suite of conditions al- 
ready suggests that the circumstellar environment plays 
a critical role in the formation of diamond, or at least the 
diamond features to appear. However, the nano-diamond 
particles found in meteorites are widely considered to be 
presolar origin, because of the is otope anomaly in com- 
patible with that of solar system (|Lewis et allll987t ). 



Searching sources of diamond outside the solar system 
is greatly in debt to the laboratory study of diamond for- 
matio n facilitated b y the interest from material science. 
Tiele ns~et al.l (|1987[ ) drew parallel between the syn thesis 
of detonation diamond (e.g. Baidakova fc V ul' 2007) with 
possible diamond formation in the grain-gra i n col lisions 
in the strong shocks in the ISM. lKouchi et al](|2005f ) used 
experimental simulation of the icy grains in the diffuse 
ISM to demonstrate diamond cores of nanometer size 
grow in the organic refractory in the UV irradiation. 

Chemical vapor deposition (CVD) of diamond has been 
most extensively studied as the low-pressure path of dia- 
mond growth in the ISM. The CVD technique has been 
used to grow diamonds on the substrate in warm en- 
vironment (~ 1000 K) from hydrocarbon gas dissoci- 
ated either by hot filaments or in a microwave cavity 
while protecting the growing surface in the hydrogen- 
rich atmosphere (for a review lAngus fc HavmanI Il988t 
iFrenklach et al.lll989bl ). Homo geneous nucleation rele- 
vant to the diamond formation i n the ISM is als o demon- 
strated in the laboratory by Frenklach et al.l (|T98 9a) . 
although with chloride which is alien to the ISM but 
plays critic al role in the enhancement o f the nucle- 
ation rate (jAsmann. Heberlein. fc Pfended [1991 . As 
the laboratory conditions of CVD experiments is simi- 
lar to the physical conditions of atmosphere of carbon 
stars, much effort has been gone into linking the CVD 
diamond to astronomical observations (e.g. WdowiakI 
Il987t lAndersen et~al] 119981 : ISheu et all 12002( 1 and to 
the nano-diamonds extracted from carbonaceous mete- 
orites (Daulton et al. 1996). CVD diamond also inspired 
possible forma. t ion o f diamond in supern ova outbursts 
(iClavton et all [l995l iN^th fc AllenI fl99l . [to genseni 
combined the two sources together, and tried to 



explain the isotope anomaly by a single binary system 
consisting of a carbon star and a white dwarf that even- 
tually undergoes supernova outburst. 

However, the laboratory conditions of CVD formation 
calls for an extreme carbon rich atmosphere in the stan- 
dard of the ISM. A carbon star is a rare exception where 
the carbon abundance exceeds that of oxygen, and hy- 
drocarbon molecules are copious in the environment. On 
the contrary, the ISM is intrinsically oxygen rich, so 
as a protoplanetary disk is. The abundance of carbon 
that IWdowiakI (|1987l) refers is n(C) = 4 x 10" cm-^ in 
the expanding atmosphere of the pressure 10'^ dyn cm^-^ 
where rt(H)/n(C) =200. On the other hand, the den- 
sity of a protoplanetary disk is n(H) = 10^^ cm~^ in 
the inne rmost region where the conditions are most fa - 
vorable (jAikawa fc Nomural[200llJonkheid et al.ll2007| ). 
The carbon density including all atoms and molecules 
combined together is n{G) = 10^ cm~'^ assuming nomi- 
nal fractional abundance of carbon in the ISM. If we scale 
the growth rate of diam ond in CVD formation on a warm 
substrate 80 /im hr~^ (jAngus fc Havmeml Il988l ) to the 
carbon abundance of a protoplanetary disk to a carbon 
star, a diamond particle in a protoplanetary disk could 
possibly grow to 200 nm in 1 Myr, which is about the 
size that we expect the diamond particles are in Elias 1. 
However, this is overly an optimistic estimate where no 
carbon atoms are locked in carbon monoxide, and all 
available for the diamond formation. In reality, the most 
abundant hydrocarbon C2H in a protoplanetary disk is 
expected to be an order of 6-8 less than the total car- 



Spatially Resolved Spectroscopy of Ellas 1 



5 




-100 -50 50 100 

Offset from Center [AU] 



- 1 


Diamond 




LI 

; i 


EAST Y J 


WEST -- 




NORTH 


SOUTH ; 


- 1 







-100 -50 50 100 

Offset from Center [AU] 



Fig. 4. — The radial profiles of the surface density of PAH and 
diamonds. 

bon abundance [n(C2H) « 10~^ cm""^]. Moreover, the 
growth rate implied by the homogeneous nucleation by 
iFrenklach erall (|1989aD is 10 nm hr ^ , which is 3 orders 
of magnitude lower than we assumed above. 

Nevertheless, in contrast to PAHs and silicates com- 
monly observed both in disks and in the ISM, no di- 
amonds emission or absorption has been ever detected 
in the diffuse ISM, which strongly imp lies that t he di - 
amonds in Elias 1 are formed in situ. Dai et all (l2002l ) 
argued that the depletion of diamond particles in cer- 
tain types of interplanetary dust is evidence that some 
diamonds are formed in the inner solar nebula. Even 
though the diamonds in the solar system is indeed pre- 
solar origin, that causes no contradiction with the di- 
amond in Elias 1 being formed in the protoplanetary 
disk, as they may not have a common origin in the first 
place. The diamond particles extracted from meteorites 
are rel atively small, between 1-10 nm in diameter (e.g., 
iBernat owicz ct al. 1990), while the particle size of dia- 
monds in Elias 1 and HD 97048 is at least one order of 
magnitude larger. Moreover, only 3 Herbig Ae/Be stars 
among more than 60 investigated show clear diamond 
emission features. There is no way to argue that dia- 
mond formation in the disks of Elias 1 and other Herbig 
Ae/Be stars is something other than an exception. 

4.2. Diamonds in the ISM and Protoplanetary Disks 

4.3. The Carbon Onion as a Pressure Cell 

We propose here a diamond formation route in a proto- 
planetary disk using carbon onions as the high-pressure 
cell. The obvious problem in forming diamonds in a 
protoplan etary disk is how to maintain high pressures 
(>1 GPa: iBundvll 1989D . because graphite is otherwise en- 
ergetically mo re favorable when the part icles ar e macro- 
scopic size. iBanhart fc AiavanI ()1996f l and iBanhartI 
(jl997) produced carbon onions from nanometer-sized 
graphite particles by the application of electron beams 
(1.25 MeV; 200 A cm~^). The carbon onions made in 



this way have concentric shells but with a spacing sig- 
nificantly smaller (0.31 nm) than in standard graphite 
material (0.34 nm). This is because the carbon atoms 
in the outer shells are knocked on during electron irradi- 
ation, and the outermost shells consequently shrink in- 
ward. The spacing of the shell becomes smaller in the in- 
ner part up to 0.22 nm at the center. The nucleus of the 
carbon onions therefore experiences enormous pressure 
estimated to be 50 to 100 GPa. The multiple onion-like 
shell therefore virtually provi des a high-pressure c ell re - 
quired for diamond formation. IBanhart fc AiavanI 1)19961 ) 
further applied high-energy electron beams to the carbon 
onions and demonstrated that the cores of the carbon 
onions are indeed transformed into the lattice of the di- 
amond within an hour or even faster. 

It is not easy to show direct evidence of large carbon 
onions by astronomical observations because they should 
rather have a continuous absorption without bands or 
lines due to functional groups. There are no absorp- 
tion measurements of such particles in laboratory be- 
cause the perfect onions are only stable in the microscope 
under heating. Nevertheless, there are indications of car- 
bon onions in the ISM from theory, laboratory experi- 
ments, and astronomical o bservations, though their sizes 
are not necessarily large. iTomanek. Zhong. fc KrastevI 
(1993) has shown that when the size of the carbon clus- 
ter is more than 20 carbon atoms, a spherical multi- 
shell cluster is energetically most favorable among conic 
or cylindrical shells, or a single large shell. Lab- 
oratory experimen ts wit h resistively heated graphite 
rods by Schnaitcr et al. I ([199 8) and Jager et al. (199!|) 
have shown that the presence of hydrogen atoms like 
those in the ISM introduces curvature in the graphene 
planes, leading to the formation of an onion-like struc- 
ture. The interstellar extinction curve shows a bump 
at 217.5 um with a remarkably stable central wave- 
length and narrow bump width. This might be also ex- 
plained by carbon o nions in the ISM according to the 
mod el calculation bvlHenrard. Lambin. fc Lucad ()1997D 
and iTo mita. Fujii. fc Havashil (j2004l ). Carbon onions 
have been found in m eteorites (e.g. in Murchison 
by lAmari et al.l 119931 ). Although most of them are 
much smaller than 100 nm, the carbon onion particles 
found in Allende mete orite are as large as 10 to 50 nm 
(iSmith fc Buseckl[l98ll) . 

Although we have only circumstantial evidence of large 
carbon onions in the ISM, they could also be formed in 
the same way as diar aond under the electron o r ion ir- 
radiation. Note that IBanhart fc AiavanI (|1996f ) experi- 
ments do not start with carbon onions but are prepared 
beforehand from small graphite particles by electron irra- 
diation. The transformation of carbon soot to multi-shell 
carbon particles (about 50 nm in diameter) under clec- 
tr on irrad i ation was also experimentally demonstrated 
bv lTJgartd ([l99l . 

4.4. Surfacing Diamond 

The emission features at 3.5 fiui come from vibrational 
stretching of sp^ C-H bonds on the surface of diamond 
particles. Even if the diamond is formed in the core 
of the carbon onion pressure cell, the diamond emission 
features are not visible as long as it is shielded by the 
onion shells. The diamond has to surface and be covered 
by ambient hydrogen atoms if the spectral features are 
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to be observed. 

The reversal of phase stabiHty in diamond-graphite 
systems induced by irradiatio n offers a natural p rocess 
for surfacing the diain onds. IZaiser fc BanhartI ()1997[ ) 
and Zaise r et alJ (j2^000') have shown that once the dia- 
mond nucleates in the core of a carbon onion, the forma- 
tion of diamond continues to the surface of the onion at 
the expense of the graphite shells until the entire carbon 
onion turns into a diamond particle. Graphite is more 
subject to displacement under the nonequilibrium state 
induced by constant particle irradiation, because of its 
lower threshold energy (salO-20 eV) th an that of dia- 
mond (« 35 eV; IZaiser fc Banhartlll997l ). In an extreme 
circumstance where the carbon atoms are disturbed by 
uninterrupted particle impacts, the graphite shells are 
therefore gradually converted into diamond, which is the 
more stable form. 

The most interesting aspect of the irradiation-induced 
phase transformation is that the displacement cross- 
section of graphite with respect to th at of diamond s 
peaks at a temperature of ^--^600 K (Zaiser et al.ll200dl ). 
At that temperature the transition from graphite to 
diamonds does not require high pressure but proceeds 
as lo ng as diamond nuclei exist (|Lvutovich fc BanhartI 
fl999l) . 

Low-mass stars during active accretion are hard X-ray 
sources, creating energetic particles required for diamond 
formation. However, diamond particles are only seen in 
warm disks around Herbig Ae/Be stars; none are found 
in T Tauri stars. This might be most simply understood 
in the same way as why fewer T Tauri stars show PAH 
emission than Herbig Ae/Be stars. Out of 54 pre-main 
sequen ce stars studied with Spitzer/IRS bv iGeers et al.l 
(|2006t l. 5 out of 9 Herbig Ae/Be stars show PAH emis- 
sion, whereas only 3 out of 38 T Tauri stars do so. There 
might be plenty of diamonds in T Tauri disks, but we 
do not see them at all. This is because of insufficient 
radiation either to keep diamond particles in the warm 
disk atmosphere or to excite the C-H vibrational tran- 
sition, as the effective temperatures of T Tauri stars 
(Toff < 6000 K) are lower than those of Herbig Ae/Be 
stars (Toff - 10000 K). 

Another attractive explanation would be that the sur- 
facing of diamond is hindered by the relatively cool disks 
of T Tauri stars where the stellar luminosity (L» = 0.1- 
25 Lq) is orders of magnitude less than that of Herbig 
Ae/Be stars. The surface area of the warm region in the 
disk (> 600 K) where diamond formation proceeds with- 
out high pressure becomes smaller by a factor of 2-500 in 
T Tauri stars. The diamonds may exist in the grains in 
the disks of T Tauri stars, but they escape observation 
because they are covered under the mantles of carbon 
onions without C-H bonds on the surface to produce the 
diamond emission at 3.53 /xm. This might have conse- 
quence why the diamond particles sampled in the mete- 
or it esjn_tlie_solarswt em are all small in the nanometer 
size (jLewis et allll987[ ). 

4.5. Origin of diamond 

We present below a summary of diamond formation in 
the disk of Elias 1. The X-ray flares seen toward Elias 1 
and MWC 297 originate from the magnetic activity of 
low-mass companions. This is a signpost of the accel- 



eration of high-energy particles. The presence of PAH 
emission, in contrast, suggests the presence of graphite, 
because the PAH molecules are physically and optically 
the lo w-mass end of the graphite particles (jPraine 
l2001h . Although the exact route of the transformation is 
unclear, the anti-spatial correlation of PAH and diamond 
in Elias 1 implies the formation of diamonds from car- 
bonaceous structures under the radiation of high - energy 
particles. Ivan Kerckhoven. Tielens. fc Waelkend ()2002l ) 
analyzed the precise wavelength of the 3.53 fim emis- 
sion and concluded that the diamonds s een in HP 9704 8 
are in a hot ambience around 1000 K (jLin et al.lll996f l. 
The temperature is somehow coincid ent with the ambi- 
ent te mperature of the experiment bv lBanhart fc AiavanI 
|1996) (800 K) and the temperature required for surfac- 
ing diamond via irradiation-induced phase transforma- 
tion (>600 K). 

Elias 1 showed a large X-ray flare of Lx = 2.4 x 
10'^^ erg s^^ with a duration of 10 ks during 120 ks 
observations by XMM Newton in 2001. A similar flare 
w as also recorded by Chandra in 2002 (both reported 
in lGiardino et al.ll2004D . The duration, duty cycle, peak 
energy flux, and the plasma temperature are statistically 
consistent wit h the flares seen in solar- type pre-main se - 
quence stars (|Feigelson et al. 1 120021: IWolk et al. 1120051 ). 
A solar flare accelerates electrons above 20 keV that carry 
away a total of ~ 2 x 10^^ ergs in a single event while 
emitting a similar amount of energy in the soft X-ray 
regime (~ 5 x lO^^ ergs; 1113 [l97l . About 0.1 % of 
the accelerated electrons reach the interplanetary space 
(Lin fc Hudson 1971). If we scale the number of electrons 
produced in the solar flare to the flare in Elias 1 refer- 
ring to Lx, and with the assumed differential spe ctral 
energy distribution with the power-low index ^3 (|Linl 
Il985t iKrucker et al.l [20071 ). the total electron emission 
more energetic than 1 MeV comes to 4 x 10^"* erg s~^. 
The current influx 400 A cm^^) that the carbon par- 
ticles experience during a single event (^3 hr) are of the 
same order of mag n itude as those of the experiment by 
iBanhart fc AiavanI (|1996l) (20-200 A cm'^ for 1 hr) at 
the distance of 10 AU from Elias 1 wh ere the temperature 
of disk atmosphere exceed s 1000 K (lAikawa fc Nomura! 
120061 : iJonkheid et al.ll2007l warm enough to facilitate the 
irradiation-induced phase transformation) . If we count in 
the protons and the heavy-ion nuclei, which are 10^ to 
10^ times more efficient in transfor ming carbon onions to 
diamonds (jWesolowski et ahl 119971 ). diamond nucleation 
and growth could take place even in the larger area of 
the protoplanetary disk. 
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